Anchorage-dependent cells are of great interest for various biotechnological applications. (i) They represent a formidable production means of viruses for vaccination purposes at very large scales (in 1000-6000 l reactors) using microcarriers, and in the last decade many more novel viral vaccines have been developed using this production technology. (ii) With the advent of stem cells and their use/potential use in clinics for cell therapy and regenerative medicine purposes, the development of novel culture devices and technologies for adherent cells has accelerated greatly with a view to the large-scale expansion of these cells. Presently, the really scalable systems-microcarrier/ microcarrier-clump cultures using stirred-tank reactors-for the expansion of stem cells are still in their infancy. Only laboratory scale reactors of maximally 2.5 l working volume have been evaluated because thorough knowledge and basic understanding of critical issues with respect to cell expansion while retaining pluripotency and differentiation potential, and the impact of the culture environment on stem cell fate, etc., are still lacking and require further studies. This article gives an overview on critical issues common to all cell culture systems for adherent cells as well as specifics for different types of stem cells in view of small-and large-scale cell expansion and production processes.
Introduction
The development of animal cell technology began with the initiation of the production of viruses for vaccine purposes, starting with the cultivation of primary cells (monkey kidney cells and chicken embryo fibroblasts), followed by the development of diploid cell cultures (from humans, such as human fetal lung fibroblasts (WI-38, MRC-5) or from monkeys, such as DBC-FRhL-2 (lung fibroblasts from a male rhesus fetus)) and finally evolving towards the use of continuous cell lines. This included, in the first instance, anchorage-dependent cells (Vero and MDCK) and later suspension cells (BHK21, EB66, insect cells and designer cells (HEK293, Per.C6, CAP, AGE1.CR and AGE1.CR.pIX), etc.). However, with the development of these cells and the much simpler largescale cell culture technology available for suspension cells, the tendency is towards the use of suspension cells for the production of biologicals (viruses, viral vectors, recombinant proteins). Despite this general trend many production processes, in particular, for viruses and viral vectors, are still based on the use of surface adherent cells because of the advantages of these cell substrates for virus production. In addition, the recent arrival of stem cell technology for stem cell therapy and regenerative medicine, and the requirement for growth on surfaces of many stem cell types, has given a kick to the further evolution of culture systems of anchorage-dependent cells. This has led to a reappraisal of microcarrier technology and new developments in cell culture devices for these novel purposes.
Furthermore, it should be mentioned here that the culture of anchorage-dependent cells is not only limited to biomass or recombinant protein/viral particle production, but it serves also as an in vitro model for drug screening or disease modelling. However, this application is not further discussed in this review. In each case and as learned for stem cell/primary cell culture, the modulation/retention of a particular phenotype (i.e. in terms of productivity for cell lines, the differentiation stage for stem cells or the functional phenotype of primary cells, such as chondrocytes, osteocytes, hepatocytes or neurons) may be an issue as important as cell growth.
This article provides an overview on critical issues in cell culture of anchorage-dependent cells and provides perspectives for future developments, in particular, with respect to the large-scale amplification of anchorage-dependent stem cells for vaccine and cell therapy purposes.
Anchorage-dependent cells and their cultivation (a) Biological properties of anchorage-dependent cells
All normal tissue-derived cells (except those derived from the haematopoietic system) are anchorage-dependent cells and need a surface/cell culture support for normal proliferation. By contrast, cells derived from the haematopoietic system as well as transformed cells (tumour cells) are substantially different and are able to proliferate in suspension and do not need any surface for cell growth. Tumoural cell transformation is accompanied by a modification of the phenotype (large nucleus to cytoplasma ratio, less attached and extended when adherent, tendency to round up, easier to adapt to serum-free culture condition) [1] . This modification also includes an increased resistance to apoptotic stress, partial or complete independence of growth factors and shift of the metabolism to abnormal glycolysis (anaerobic). All normal non-transformed anchoragedependent cells require a culture surface for proliferation and its absence leads to growth arrest and induction of anoikis (a form of programmed cell death which is induced by anchorage-dependent cells detaching from the surrounding extracellular matrix (ECM)) [2] . As mentioned, normal primary tissue-derived cells (including stem cells, with the exception of cells from the haematopoietic system) absolutely require a culture support for self-renewal and differentiation. In contrast to transformed cells, stem cells need an environment comparable to the naturally existing stem cell niche consisting of soluble (such as growth factors and cytokines) and surface-bound signalling factors, cell-cell contacts, the presence of ECM and a local biomechanical microenvironment. Cell expansion and/or phenotype retention/modulation depends on the interaction of the cellular integrins with the integrin-binding molecules and other molecules of the ECM as well as a favourable biomechanical microenvironment. Both the adhesion substrate itself, the soluble and insoluble factors, as well as the mechanical microenvironment (including stress) are involved in modifications in cell expansion, morphology and differentiation (stem cell fate).
All adherent cells, but in particular, primary as well as stem cells are sensitive to shear stress. Shear stress generated by large-scale cell culture devices using microcarriers essentially results in growth reduction, cell detachment or cell death (see §3b(ii)). Moreover, in recent years it was established that the biomechanical microenvironment has an important impact on stem cells and, together with growth factor-mediated signalling pathways, regulates stem cell fate (see §5b). A careful engineering of the cell culture device and the operation conditions are thus an indispensable premise for a successful implementation of this technology for large-scale use.
(b) Strategies for the culture of anchorage-dependent cells
Since all cells initially developed and used for the production of viral vaccines for human use and for many veterinary vaccines were primary and later diploid and continuous (but anchorage-dependent) cells, initially only cell culture systems for surface adherent cells were developed and scaled-up.
Since the way to scale-up cell cultures of anchorage-dependent cells is based on the increase in the cell culture surface, different solutions have been proposed and developed for the generation of large amounts of cell biomass for production purposes. This search for large cell culture surfaces passed by the evaluation of the simplest culture systems (different types of bottles), via more evolved culture systems, like stack-plate propagators or fixed-bed reactors, and led to the development of microcarrier-based culture systems which are, from a technological point of view, the most advanced culture systems for adherently growing cells. figure 3 ), CellStack) systems are most appropriate for small-scale cell culture, and more recent developments of these systems such as the HYPERStack cell culture vessel (Corning) have led to a certain scale-up, these culture systems are characterized by two major drawbacks: (i) their scalability is limited (largest cell culture unit: 60 000 cm 2 ; HYPERStack 120) and can only be alleviated by the addition of parallel culture units (scale-out approach), and (ii) the culture conditions are not controlled with respect to pH or pO 2 leading to a continuous change of the physicochemical parameters over the culture duration (in parallel to the changing conditions during a batch culture). Thus, at least to alleviate the drawbacks with respect to control of the physico-chemical parameters, ATMI has introduced the Integrity Xpansion system consisting of multiple parallel plates and rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 370: 20140040 providing pH and pO 2 control/regulation (via gas diffusion and medium circulation) in addition to a maximal surface area per reactor unit of 122 400 cm 2 (Xpansion-200) [3] .
However, in view of real scalability (scale-up approach), a suspension process based on the use of microcarrier technology (see §3b) is the choice performed by the vaccine industry using mostly Vero or MDCK cells ( figure 4 shows the growth of MDCK cells on Cytodex 1 carriers) for the routine production of viral vaccines at a maximum scale of 6000 l (estimated surface available: approx. 2430 m 2 , table 4) [5] . A further advantage of the use of such a homogeneous culture system (using stirred-tank reactors) is that it is controlled for pH and pO 2 levels. This technology is also of potential interest for the expansion of stem cells for allogeneic stem cell therapy because for this type of cell therapy huge amounts of stem cells will be necessary for the treatment of large patient groups (! off-the-shelf products).
Although microcarrier technology is well adapted for large-scale production of cell biomass as well as of various biological products, other culture systems for the expansion of adherent cells should not be neglected, in particular for stem cell technology. In the case of autologous stem cell therapy ( patient-specific therapy), estimated culture volumes of up to 70 l, range 2 -70 l depending on the therapeutic approach [6] , will be required per patient signifying that culture systems of a small or intermediate scale (see § §3c and 4b), such as fixed-bed reactors, can be envisaged. In most cases, they are characterized by the same advantages as classical stirred-tank reactors with respect to the control of physico-chemical parameters, with the advantage of reduced shear stress to cells but increased technical difficulties to harvest the cells for further use if the carriers/scaffolds are not used for direct cell delivery, as for bone or cartilage repair, for instance [7] .
3. Culture systems for large-scale culture of anchorage-dependent cells-purpose: production of viral vaccines and recombinant proteins
As mentioned, the expansion/amplification of anchoragedependent cells is only possible on culture surfaces and, according to the production needs, the production scale depends mainly on the available culture surface. In dependence on the purpose, different scales have been developed using various technologies (see above). In the following, the largest developed production scales established for different purpose are reviewed.
(a) Parallelized monolayer culture devices
The simplest way to expand surface adherent cells is the use of large surface areas based initially on glass (at the beginning of the large-scale vaccine production using anchorage-dependent cells) and later on tissue culture polystyrene-based culture devices. These devices include Povitsky bottles, roller bottles, stack plate propagators and multitrays (CellFacory, CellStack). The productions are performed using multiple processing systems consisting of the multiplication and parallel processing of single culture units. Such a production system, for instance, was established for the production of veterinary viral vaccines. The Instituto Zooprofilatico Sperimentale in Brescia/I has installed four individual units (incubators) each with 7200 glass roller bottles for the production of different viral vaccines using baby hamster kidney (BHK) and calf kidney cell cultures. One production unit of 7200 rollers of a surface area of 620 cm 2 per roller provided in such a production facility a culture surface of 446.4 m 2 [8] . The main drawbacks were that it was mainly a manual system requiring many operators, and that such a system is generally characterized by potential biohazard problems and higher losses due to contamination than when using reactor processes. Although, from a technological point of view, this is an archaic production system, probably for reducing the time from development to market Kirin had opted to install an automated large-scale production system based on the use of an estimated number of 4320-8640 rollers (available culture surface: 367.2-734.4 m 2 ) allowing the production of erythropoietin (EPO) using adherently grown recombinant Chinese hamster ovary (CHO) cells [9] . This automation reduced the number of operators required for running such a production plant and led also to an improvement of biohazard and contamination issues.
Another, in principle, similar culture system is the multitray system (today CellFactory-CF) which had been scaled to a 40-layer stack (figure 3) providing on its own a culture surface of 25 280 cm 2 . As for the roller bottle system, the use of several units in parallel allows the scale-up of the production. In this context, a robot for the parallel handling of 4 CF-40 stacks had been developed providing a surface of 10.1 m 2 per handling unit. The development for this type of production system had been essentially driven by the need for the production of large quantities of b-interferon using human fibroblast cultures [10] .
The main disadvantages of all these systems are the absence of pH and pO 2 control-thus absence of possibility for real process optimization-and the limited scalabilityonly a linear scalability is possible which is based on the addition of further culture units for increasing the surface area for cellular biomass propagation. These drawbacks could finally be alleviated by the introduction of microcarrier technology [11] , the identification of the optimal range of exchange capacity of positive charge carrying microcarriers at about 2 meq g -1 microcarrier [12, 13] and general optimization of culture conditions (see §3b).
(b) Use of microcarrier technology in stirred-tank reactors for large-scale culture of adherent cells
(i) Microcarrier technology: basics
The first description of the possibility of growing anchoragedependent cells on microcarriers in suspension was published by van Wezel in 1967 [11] . This was a breakthrough allowing the alleviation of the limited scalability of the classical cell culture systems, in particular because of their high surface/ volume ratio, leading to a considerably reduced footprint for the culture device. Further advantages of the microcarrier technology were the use of a homogeneously stirred suspension allowing monitoring and controlling of various environmental parameters, including pH, pO 2 and concentration of medium components, leading to a more optimal and reproducible cell culture process. In addition, representative cell samples could be taken and analysed. However, before implementing this technology for routine manufacturing, many improvements and engineering studies had to be performed. The improvements directly related to the microcarriers are presented in the following, whereas details on the hydrodynamic studies for better understanding the strengths and weaknesses of microcarrier technology are presented in §3b(ii).
Surface charge. Levine et al. [12] identified the optimal exchange capacity (positive charge-DEAE-dextran) of microcarriers to be between 1 and 2 meq g 21 carrier for a range of cell lines.
Charge density is a critical parameter. If charge density is too low, cell attachment will be insufficient and below 1 meq g 21 no growth is observed [12] , whereas too high a charge density will have a toxic effect leading to limited or no cell growth. Carrier diameter. Maroudas [14] could show that there was a considerable growth reduction on spherical carriers with a diameter of less than 50-70 mm, whereas beyond this limit no differences in comparison to cell growth on planarculture surfaces were seen. As a general rule, microcarriers should have a diameter of 100-200 mm; however, in order to ensure a homogeneous culture as much as possible with most carriers becoming confluent at approximately the same moment, the variations of the diameter of the carriers should be as small as possible. This is, in particular, valid for the expansion of stem cells because a better defined size distribution (with a reduced s.d.) leads in general to a more homogeneous cell culture and time point of achieving confluence/desired harvesting cell density.
Density. The density of the microcarriers should be slightly greater than that of the culture medium thus facilitating an easy separation of cells and medium. However, the density should also be sufficiently low to allow complete suspension of the carriers at a minimum stirring rate in order to avoid hydrodynamic damage to the culture (see below). Moreover, it should be mentioned that the density of the carriers is gradually increasing with cell attachment and growth. Microcarrier densities of 1.03-1.05 g ml 21 are considered optimal.
Microcarrier types. Since the development of the concept of microcarriers by van Wezel [11] many different types of carriers have been developed and they can be divided into positively charged carriers, such as Cytodex 1 (dextranbased, GE Healthcare); collagen or ECM-coated carriers, such as Cytodex 3 (dextran-based, GE Healthcare) or HyQspheres Pro-F 102-4 ( polystyrene-based, Thermo Scientific); non-charged carriers, like HyQspheres P 102-4; or macroporous carriers based on gelatin (Cultisphere, Percell Biolytica) or cellulose (Cytopore, GE Healthcare) (table 1) .
However, at the end of the day, the choice of the carrier to be taken for cell mass production depends essentially on the cell line to be cultivated. 'Normal' (diploid and continuous) cell lines can easily be expanded on positively charged carriers, such as Cytodex 1. Such carriers had been initially used for the production of foot and mouth disease (FMD) virus vaccine using pig kidney cells [16] , and today are extensively used for the manufacturing of polio and rabies virus vaccines using Vero cells [17] [18] [19] .
Coated carriers (collagen, ECM, other coatings) are particularly useful for establishing primary cell cultures, for cells that are difficult to grow [20] and more recently for the cultivation of different types of stem cells [15] . In addition, collagen-coated carriers are also used for the production of influenza virus vaccine using Vero cells [21] . Collagen-coated or gelatin-based carriers have the advantage that cell detachment can easily be performed with various proteases with minor damage to the cells. Moreover, carriers consisting entirely of gelatin can be completely disintegrated leaving the cells in suspension. [22] and shear stress [23] . A detailed description of different carriers available today can be found in Chen et al. [15] . In view of their use for the expansion of stem cells, in particular, solid microcarriers have some critical issues requiring further study. First, stem cells need specialized coating for expansion as well as differentiation. However, microcarrier surface pattern and distribution of the ECM are poorly controlled. And second, the mechanical properties of microcarriers have to be characterized and controlled for improved cell functions because the stiffness of the support has an impact on stem cell fate (see §5a,b for more details).
Seeding density. Hu et al. [24] performed a mechanistic analysis on inoculum requirements for the cultivation of mammalian cells on microcarriers and established a minimum critical cell number per carrier for colonizing a maximum number of carriers (Poisson distribution). Using a human fibroblast cell line, the critical cell number was identified to be five to six cells per carrier (type: positive-charged dextranbased carrier-Cytodex 1-like); however, this number can be reduced by employing an improved culture medium. An equivalent optimal cell to bead ratio, 7, was determined for MDCK cells [25] .
In the case of macroporous carriers (Cutlisphere-G), Ng et al. [23] established 30 cells (Vero) per carrier as minimum cell number to ensure an even distribution of cells on the available microcarriers with a low proportion of unoccupied beads.
(ii) Use of stirred-tank reactors for large-scale culture of adherent cells on microcarriers: engineering issues
The development of the microcarrier technology by van Wezel [11] made it possible to use agitated suspension culture systems for the propagation of anchorage-dependent cells. At laboratory scale, the simplest system consists of an agitated spinner flask of several tens to hundreds of millilitres with either a stirred magnetic bar, a derivative of it (figure 5a) or a ball-shaped eccentrically rotating agitator (figure 5b), whereas at a large scale, stirred-tank reactors of 1000 l [19] to 6000 l [5] have been implemented for routine manufacturing. In addition to the availability of a controlled environment, the advantage of a stirred-tank reactor is the fact that under ideal conditions a homogeneous culture situation is achieved, meaning that anywhere in the culture vessel the culture environment is identical. Though the agitation should result in a homogeneous culture situation, in reality this is not the case because any agitation will lead to the generation of turbulences which are required for mixing purposes but which are also characterized by several drawbacks. Thus, mixing of microcarrier-based cultures at a large scale is a critical issue and needs careful optimization; however, details on mixing conditions and choice of the agitator at a large scale are proprietary and are not available. For a better comprehension of critical issues of agitation at a large scale, basic engineering issues are described in the following. For more [27] . Reactor hydrodynamics and shear sensitivity. Cells grown on microcarriers in an agitated culture system are exposed to shear stress and turbulences with potentially adverse effects on cell growth and/or production. Although in the 1990s considered as particular shear sensitive, cells are much more robust than previously thought [28] .
Turbulences (table 2) . In order to obtain efficient mixing and thus a homogeneous culture it is necessary that the suspension culture be performed under a turbulent regime, signifying that Reynold's number (Re, a dimensionless quantity that is used to help predict similar flow patterns in different fluid flow situations; http://en.wikipedia.org) exceeds approximately 10 000 [29, 30] . Reynold's number is defined as
where N is the impeller rotation rate, D i is the impeller diameter and n is the kinematic viscosity. Turbulence distribution throughout the reactor depends on impeller and vessel geometry. The effects of turbulent eddies on cells growing on microcarriers have been examined using the Kolmogorov eddy length model. Under conditions of isotropic equilibrium in the viscous dissipation regime, the size of the smallest eddies can be roughly given by the Kolmogorov eddy length (L):
where 1 is the power dissipation per unit mass (or specific energy dissipation rate). 
Re ¼ dimensionless quantity that is used to help predict similar flow patterns in different fluid flow situations
Re . 10 000-turbulent regime turbulence distribution throughout the reactor depends on impeller and vessel geometry [29, 30] Kolmogorov eddy length
where Croughan et al. [31] have shown that the Kolmogorov eddy length can be correlated with relative growth extent. Eddy lengths comparable to the microcarrier size and greater have little effect on cell growth, while cell death becomes apparent when the average eddy length falls below twothirds of the microcarrier diameter. In this situation, eddies directly interact with the adherent cells and thus damage them whereas they are too small to efficiently move the carriers. The smaller the eddy sizes are the more the relative specific growth rate is reduced.
It is important to note that turbulent energy dissipation rate in a stirred-tank reactor culture is always given as an average value; the maximal energy dissipation rate is reported near the stirrer, whereas the lowest values are found near the top surface. The ratio between the real energy dissipation rate at a defined locus and the average value can vary between 30 (near the stirrer) and 0.2 (near the top surface) [35] . This signifies that the cells growing on the microcarriers suffer considerable variations in turbulences when moving through the culture medium with potential impact on expansion and stem cell fate in the case that stem cells are expanded using such a culture system. Further details can be found in Nienow [28] .
Further damage to cells may result from bead-to-bead collision or collision between microcarrier-bound cells and impeller, vessel wall and baffles and other reactor inserts (in particular when higher microcarrier concentrations are used) [36, 37] . Work on these issues suggests that the potential damage increases rapidly with the average energy dissipation rate, with increasing microcarrier size and also with increasing solids concentration [37] . Thus, it is interesting to note that the use of smaller microcarriers has been reported to reduce cell death and increase growth rates [26] , by respecting the required minimum diameter [14] . For more details on cell damage due to bead-to-bead collision or collision between carrier-bound cells and reactor inserts, see Cherry & Papoutsakis [38] and Croughan & Wang [27] .
In addition to the modification of the agitation regime and the size of the microcarriers, there are further approaches to reduce potential shear damage to cells grown on carriers. On the one hand, in case of very fragile cells, in particular cells infected by viruses for virus production, it was shown that the replacement of solid carriers such as Cytodex 1 by Fibra-cel discs, in which the cells are immobilized, led to higher (rabies) virus production probably because of reduced cell loss caused by bead collisions [39] . On the other hand, cells can also be protected from turbulences at high agitation by addition of thickening agents (polymers to increase viscosity) [40] .
Shear stress (table 2) . Each agitation induces some shear stress in microcarrier cultures, in particular, when using solid microcarriers. Shear at a low level is required to prevent sedimentation and aggregation of cells and microcarriers at high cell concentrations. However, the maximal acceptable level depends on the culture support and the cell line. The following equation provides an estimate of the maximum shear stress which a cell experiences [34] :
It was established that shear stress of 0.26 N m 22 had no effect on cell viability, whereas higher shear levels of 0.65-1.30 N m
22
led to morphological changes, loss of viability and cell removal. At even higher levels (more than 2.6 N m
) more than 75% cell detachment was observed [41] . Moreover, it has also to be considered that increased shear stress has a modulating effect on the cellular metabolism. However, since its calculation is based on Kolmogorov's theory and gives the stress as the Kolmogorov length a much better estimation for keeping suspension cells viable and able to produce the product with the required quality is the comparison of the Kolmogorov length and the cell size.
Scale-up. Scale-up is the predictable-engineeredincrease in the production capacity. It is the base for the establishment of large-scale/industrial-scale production methods using stirred-tank reactors. The critical issue is that cell damage can occur due to the elevated energy dissipation at large scale signifying that scale-up is performed by keeping constant energy input or Reynold's number across the reactor scales. More details can be found in the electronic supplementary material (SM1).
Other issues. Aeration of large-scale cell culture can only be efficiently performed via injection of gas into the medium (sparging) in order to get an efficient gas transfer. The main risk is the potential foam formation, because microcarriers accumulate at the liquid-foam interface and thus are lost for the culture. The use of microspargers (reduction of bubbles) and/or the addition of tensioactive substances to the medium can prevent foam formation. In addition, hydrodynamic stress induced due to rising bubbles (probably due to power dissipation in the fluid adjacent to rising bubbles) can be alleviated by the addition of protective polymers [42, 43] .
(iii) Subcultivation of anchorage-dependent cells at large scale
For passaging adherently growing cells, in general, they have to be detached from their culture surface, diluted and plated into another culture device. At a large scale, this is essentially performed by the use proteases, of which porcine trypsine + ethylenediaminetetraacetic acid was the most often used detachment agent. Today recombinant and non-animalderived proteases and trypsine-like proteolytic enzymes are available for replacing porcine trypsine for industrial use (for details, see Merten [44] ). At large scale, trypsinizers allow washing of the cells still bound to the carriers after short trypsine incubation as well as the separation of the detached cells from carriers. Such systems had been developed as glass/stainless steel devices [45] or more recently as disposable devices (HyQ Harvestainer, Thermo Scientific).
The efficient replacement of proteolytic cell detachment by a non-proteolytic method would be interesting, because no agent would be added and have to be removed after passaging. However, this has not yet been achieved for routine use at a large scale.
One possibility is the direct bead-to-bead transfer which was shown to work for several cells, in particular, for those which show less adhesion strength to the support than those which are very well attached. This depends obviously on the cell line as well as on the nature of the microsupport. It has been shown that continuous cell lines, such as BHK-21 [46] , different clones of CHO [47] [48] [49] , Vero [46, 50, 51] and MDCK cells [46] could colonize fresh carriers. Colonization capacity was described for Cytodex 1 [46, 48] , Cytodex 3 [46, 48, 50, 51] , Cytopore 1 [48, 49] , Cytopore 2 [48] , Cultisphere G [47] and for Biosilon [52] , although others [48] have seen a less efficient cell transfer for another CHO clone using different culture conditions. The evaluation of other microcarriers with respect to rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 370: 20140040 the efficiency of bead-to-bead transfer of CHO cells showed that collagen, fast attachment collagen-treated and different Cultisphere carriers were less efficient than the different Cytodex and Cytopore carriers [48] . On another side, diploid cells, like human fibroblasts, are completely unable to perform beadto-bead transfer [24] . More details are presented in table 3 .
Concerning implementation at a large scale (beyond a reactor scale of 30 l [46] ), the open literature does not report on any study on or large scale use of bead-to-bead transfer of cells. In view of high cell density culture processes, beadto-bead transfer is of high interest, because it allows the augmentation of the carrier concentration and thus available culture surface for surface adherent cells. That this can be a feasible approach was shown for CHO cells by Ohlson et al. [47] and by Xiao et al. [49, 52] .
A general problem with this type of cell transfer is the fact that a high percentage of microcarrier aggregation and multilayering of cells is observed, meaning a certain degree of heterogeneity within the aggregates. This is probably not optimal for routine processes [46] , although when producing recombinant proteins using rCHO cells this might be a lesser problem than when producing viruses, for which a more homogeneous culture is of higher importance for quality reasons. Today the general tendency is towards the use of culture processes using suspension cells because such processes are, from a technological point of view, less complex than cell culture processes for anchorage-dependent cells. However, most of the viral vaccines (those developed in the 1970s, but also those recently developed) are produced using anchorage-dependent cells using mainly a microcarrier-based manufacturing platform. Thus, based on the initial development done for the establishment of a large-scale routine production process of FMD virus vaccine using microcarriers [16] , other largescale production processes of human vaccines ( polio and rabies virus vaccine) have been developed at a 1000 l scale using Vero cells [19] . Over the last 10 years, many novel viral vaccines for human use have been developed using the Vero cell platform technology (for details, see Barrett et al. [5] ), and more recently this technology had been scaled-up to 6000 l for the production of influenza virus vaccine [5] . The only other surface-adherent cell line which had been scaled-up for large-scale production of a viral vaccine is the MDCK. Several different clones of MDCK (anchoragedependent and suspension-adapted clones) have been developed as cell substrate for influenza virus vaccine with a maximum production scale of 2500 l (microcarrierbased process) and of 10 000 l (suspension cell-based process) [53, 54] .
All these production processes are low-density processes (less than 5 g l 21 Cytodex) and only relatively recently have high-density processes with a Cytodex concentration of up to 25 g l 21 in a perfusion mode been set up (e.g. [55] ). The availability of porous microcarriers has greatly increased the scope of microcarrier technology by increasing unit yield and specific productivity due to enhanced perfusion efficiency and protecting fragile cells from culture turbulences. For medium-scale manufacturing, for instance, based on the use of human diploid fibroblasts, systems other than microcarriers are used, such as fixed-bed reactors of the CellCube style [56, 57] , because fibroblast cultures tend to heterogeneous cell distribution and to aggregation when the cultures get confluent as well as during virus production (hepatitis A) [56, 58] . For the same reason, the 'large-scale' CellFactory system had been initially implemented for the production of fibroblast interferon [10] (see §3a). Table 4 presents a short update of the largest manufacturing scales using anchorage-dependent cells implemented in the past for the production of viral vaccines and proteins, and clearly puts into perspective the advantages of a microcarrier-based production system with respect to available cell culture surface and produced supernatant volume. MSCs display in vitro features of mesenchymal progenitor cells. They are human fibroblast-like, plastic-adherent cells and are characterized by expression of fibroblastic markers and an in vitro differentiation potential into adipocytes, chondrocytes and osteoblasts [59] . Although they have a limited lifespan in vitro [60] their large spectrum of trophic activities enables their clinical use. Today, it is believed that the secretion of a broad spectrum of bioactive molecules (growth factors, cytokines, chemokines) is the main mechanism by which MSCs achieve their therapeutic effects. These activities can be divided into six categories: immunomodulation, anti-apoptosis, angiogenesis, support of growth and differentiation of local stem progenitor cells, anti-scarring and chemoattraction [61] .
PSCs include embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs). The first human ESCs (hESCs) were derived from frozen or fresh blastocysts left over from infertility treatments whereby the inner cell masses were isolated from cultured blastocysts [62] . Human iPSCs were first established by Takahashi et al. [63] via transduction of human fibroblasts with four genes (Oct3/4, Sox2, Klf4 and c-Myc) leading to their reprogramming. Both types of PSCs have unlimited self-renewal ability and the capacity to differentiate into lineages of the three germ layers [62, 63] .
The culture requirements are different for MSCs and PSCs. Despite their requirements differing from those of continuous cell lines used for the production of viral vaccines and recombinant protein, the existing technology can be used after adaptation for the generation of cell mass for clinical use and screening purposes. However, before any development or scale-up of a cell manufacturing platform it is necessary to get an idea of what quantity of cells will be needed per patient or per clinical trial phase, as well as which kind of stem cells will be required. Today, most of the clinical trials (more than 320; www.clinicaltrials.com) make use of MSCs and only very few trials (in total: three) deal with the assessment of hESCs.
Depending on the indication, the number of cells (cell dose) can vary profoundly, from 50 000 (treatment of macular degeneration using hESC) to 6 Â 10 9 cells (treatment of osteogenesis imperfecta using MSCs) [15] . Moreover, depending on the stem cells to be produced-either for autologous (use of expanded patient-derived cells) or for allogeneic (use of cells from universal donors) cell therapy-the scale of the cell culture devices will vary considerably. In the case of an autologous treatment mode, usually many smallscale productions have to be done, whereas for allogeneic cell therapy, large cell stocks for many patients have to be generated, meaning that in this case, very large culture systems are required. Another very important difference between expanded MSCs and PSCs is the fact that MSCs do not require separation from undifferentiated cells because they can be directly used after expansion. However, this is not the case for PSCs because these cells have to be differentiated at least to the intermediate progenitor cell state. Since non-differentiated PSCs have the capacity to continue to grow indefinitively residual non-differentiated PSCs in a preparation of differentiated cells can form teratomas in the recipient-they have a tumorigenic potential. The use of PSCs for clinical purposes requires therefore a 100% efficient method to remove non-differentiated cells in order to preclude this potential safety problem (see §6b for further details). Basically due to this safety concern, up to now only a very limited number of clinical trials have been performed using PSCs.
(b) Culture configurations to expand stem cells As mentioned earlier, the culture device as well as its scale has to be adapted to the cell mass to be produced. For large-scale cell expansion for the production of huge cell biomass as required for allogeneic cell therapy, either microcarrier-based or parallel-plate systems such as multitrays or HYPERstack vessels can be used (see §4(c) and §5), whereas small-scale expansion systems are used for the generation of small amounts of biomass as required for autologous cell therapy. Although the same culture principles as for large-scale biomass production can be used (microcarrier or parallel-plate systems), other culture devices might be better applied for this application.
(c) Stem cell expansion at small scale For the production/expansion of smaller quantities of stem cells for autologous but also for allogeneic cell therapeutic purposes, when only small amounts of cells are required per patient, the following culture systems can be used, including hollow fibre cartridges in which the cells grow at tissue-like densities (up to 2 Â 10 8 c ml
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; more as adherently growing cells) and packed-bed reactors, in particular of interest for the expansion of cells in scaffolds which are then directly implanted (perfusion reactor culture). Where stem cells are grown as aggregates, attached to microcarriers or immobilized in scaffolds, suspension culture systems are employed. A reactor system (stirred-tank reactor) is the culture system of choice when an unlimited scale-up under controlled conditions is required. However, stirred-tank reactor systems are characterized by potential hydrodynamic stress-related problems when rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 370: 20140040 not carefully optimized (see §4c). In this specific context, the WAVE reactor system, of interest for medium-scale cell expansion, is characterized by reduced hydrodynamic shear stress (see the electronic supplementary material, section SM2). Finally, the culture devices generating the lowest shear stress are the rotating wall perfused bioreactors. They are limited in scalability as well as in controlling aggregate size due to very low shear stress. More details can be found in the electronic supplementary material, section SM3.
As mentioned, stem cells can be expanded in the form of aggregates, clumps with or without microcarriers or microencapsulated (as single cells, aggregates or after attachment to microcarriers) [64] . This is a more natural form for expansion of stem cells because it reiterates more accurately cell adhesion and signalling found in an in vivo situation [65, 66] . It is particularly prevalent for ESCs expressing E-cadherin in their pluripotent state enabling the cells to aggregate spontaneously [67] . These aggregates (embryoid bodies, EBs) have a tendency to differentiate into the three germ layers, and even when using microcarriers for expansion of PSCs this natural tendency to aggregation is preserved.
For the expansion of PSCs as aggregate cultures, stirredtank reactor systems (spinner flasks, bioreactors) at low [64, 68, 69] or high cell densities using perfusion devices [70] , WAVE reactors [68] and the rotating wall perfused bioreactors such as the slow turning lateral vessel (STLV) [71] have been used. Improved homogeneity of the size and morphology of EBs was demonstrated for stirred [72] and rotary [73] orbital culture systems. Moreover, several studies suggested that suspension culture devices were superior to a static culture system for hESC proliferation [72, 74] as well as the generation of homogeneous-sized EBs [73] . However, there are also considerable differences among the various agitation systems: spinner flasks equipped with bulb-shaped impellers and STLVs were capable of forming EBs from single ESCs, whereas spinners equipped with paddle-type impellers and HARVs (high aspect ratio vessel) led to massive cell and EB aggregation [75, 76] . In the context of the expansion of stem cell aggregate cultures in agitated reactor systems, Kinney et al. [77] have published a study on the impact of hydrodynamic culture environments on the relationships between stem cell aggregation, phenotype and metabolism. For a review on the use of these expansion systems for PSCs, see Placzek et al. [78] .
Aggregate or clump cultures are less common for MSCs, because they have been traditionally cultured on twodimensional plastic culture plates. However, they also have the tendency to form aggregates creating thus an 'in vivo-like' microenvironment which seems to better preserve their phenotype and properties [79, 80] . A comparison of MSCs expanded on two-dimensional monolayers with those propagated as aggregates clearly indicated that aggregation enhances the differentiation potential, the secretion of trophic factors and of ECM molecules. The advantages for in vivo application of MSC aggregates have been demonstrated in animal models for bone and cartilage regeneration, wound healing, angiogenesis and cardiac transplantation. As for PSCs, aggregates of MSCs have been expanded in spinner flasks, rotating wall perfused and cyclic compression reactors (for more details, see Sart et al. [81] ).
In addition to the expansion of MSCs as aggregates, they can also be expanded using scaffolds in a sort of derivative of an aggregate culture. Scaffold cultures are either performed as suspension (micro-)carrier cultures or as 'fixed support' cultures [82] .
Zhang et al. [82] compared four different reactors for the expansion of hfMSCs (human fetal MSCs) on polycaprolactone/tri-calcium phosphate-based scaffold and established that a specifically developed bioreactor (BXR or biaxial rotating bioreactor) was superior for cell expansion as well as homogeneous distribution of the cells across the scaffold to the other three tested reactor types. These were a perfusion reactor (which is essentially a packed-bed reactor consisting of the scaffold as packed bed), a spinner flask reactor (in which the scaffolds were fixed to the cap of the spinner flask by pins) and the rotating wall perfused reactor STLV (in which the scaffolds were free floating; see electronic supplementary material, SM3); the order of the reactor systems corresponds to the performance of neo-tissue volume distribution in the scaffolds. The advantages of the BXR reactor could be explained by multiaxial flow across the scaffold preventing the loss of cells seen when a unidirectional flow is used (washout phenomenon, as in the case of the perfusion reactor) or due to random collision occurring between scaffolds themselves and culture chamber (in the case of the rotating wall perfused reactor). In addition, the microgravity condition of the STLV is known to have adverse effects on proliferation and maturation of osteogenic cells [83] . The disadvantage of the spinner flask reactor could be explained by the strong turbulent flow generated by the stirrer shown to be detrimental to the cells and newly formed ECM [82, 84] . Since the assessed culture systems are not scalable, they can only be used for the expansion of stem cells for a patient destined therapy.
In view of treatment of cartilage defects, it could be shown that microcarriers/scaffolds consisting of PLGA ( poly (lactic-co-glycolic acid)) and PLLA ( poly-(L)-lactic acid) are suitable as an injectable delivery system for chondrocytes [85] [86] [87] . Moreover, the same type of scaffolds can be used for the expansion of osteoblast-like cells [88] and of MSCs. More details on different scaffolds can be found in a review by Placzek et al. [78] .
(d) Stem cell expansion at large scale: theoretical considerations
From a cell culture device point of view, classically planar (twodimensional) culture systems have been used for the generation of cell mass; however, for large-scale applications, such culture systems are often insufficient (i.e. same problems as for the large-scale production of viral vaccines, e.g. see §3a and change), the HYPERstack device will need about 830 l, whereas a microcarrier culture requires only 350 l. Goh et al. [90] reported on the advantages of the use of Cytodex 3 microcarriers showing their improved expansion capacity of hfMSCs with respect to planar culture systems. The expansion capacities are 12-to 16-fold and 4-to 6-fold, respectively [90] . A similar improvement was also reported for human iPSCs [91] . For providing a decision base for the use of different culture systems (normal planar versus automated planar versus microcarrier-based stirred-tank reactor system), Simaria et al. [92] have published a study on bioprocess economics and optimization in the context of allogeneic cell therapy using MSCs and confirmed the analysis provided by Rowley et al. [89] . Using technology S-curves by plotting the performance of each cell expansion technology in terms of 10 9 cells produced per lot against R&D effort/investment, they demonstrated that the use of microcarrier technology was only of interest when very large cell biomasses ranging from 47 Â 10 9 to 4700 Â [93] . Figure 6 shows some details of the optimal production ranges of the different cell culture production systems but indicates also the R&D efforts required to move from a T-flaskbased process to a large-scale expansion process.
It should be recalled here that in addition to the advantage of a bioreactor related to the fact of being very closely controlled for keeping the culture conditions optimal (such as control of pH or pO 2 , homogeneous culture system) which is not possible for the planar culture systems, cost (including cost of goods) differences and the much simpler handling of stirred tank reactors (including scalability; cf. §3) are also in favour of a microcarrier/reactor-based cell expansion system. Thus, as for the production of viruses using surface adherent cells, the development and use of microcarrier-based culture processes for the generation of large quantities of stem cells is the most straightforward and scalable manufacturing mode.
Specific issues regarding stem cell expansion and differentiation in microcarrier-based bioreactors
The most straightforward way to generate large quantities of stem cells for clinical application is the use of microcarrier culture systems. In principle, the acquired know-how obtained during the development of large-scale viral vaccine or recombinant protein manufacturing processes using microcarriers [26, 27] will also serve for the development of large-scale cell expansion processes for stem cells, although engineering aspects have only partially been assessed [94] .
Since the cells will ultimately be used in vivo, it is required that cell expansion is performed under serum-free/xenofree culture conditions rendering large-scale cell expansion slightly more difficult because of the absence of the cell protective properties of serum. In the case of autologous cell therapy applications, autologous serum or platelet extracts are also applicable for clinical uses. Whereas, for MSCs, microcarriers without supplementary coating can be used for cell expansion in the presence of serum this is not the case when serum-free media are used. In the case of iPSCs, a coating is indispensable for cell attachment and proliferation.
(a) Choice of carrier and attachment factors
Since MSCs and PSCs behave differently, the choice of the microcarrier as well as their eventual coating have to be adapted to the needs of the specific stem cell type. A list of available carriers is presented in table 1.
(i) Requirements for the microcarrier expansion and differentiation of mesenchymal stem cells
Using serum-containing media, it was shown that MSCs could be expanded on gelatin (Cultisphere, Cytodex 3) as well as on positive-charged carriers (Cytodex 1) [15] . Kehoe et al. [95] compared different types of microcarriers and established that Cytodex 1 and 3 were most optimal for cell expansion but rather inefficient for cell recovery, whereas solid collagencoated microcarriers (from Solohill) were 20-30% less efficient for cell expansion but most optimal for viable cell recovery. However, in all cases, the ECM proteins required for the interaction of the cells with the carriers were delivered by the serum-containing medium. When serum-free media are used for the expansion of MCSs using microcarrier cultures, these media have to provide the ECM proteins (such as fibronectin or vitronectin) normally delivered by the serum-containing medium for ensuring a satisfying interaction of the cellular integrins with the carriers via these factors [15, 96] . Other possibilities would be the use of microcarriers coated with xenofree proprietary cell adhesive-culture substrate (CELLstart from Life Technologies) as, for instance, evaluated by dos Santos et al. [97] for propagation of bone marrow and adipose-derived MSCs. Though CELLstart is xeno-free it is as ill-defined as serum [98] .
It was observed that the expansion of MSCs was different among different cell sources, tissues of origin and age of donor [96] which can be explained by the large heterogeneity in the integrin expression profile among MSCs of different sources (e.g. [99, 100] ). Fetal MSCs, for instance, have a significantly higher proliferation and differentiation potential and, in addition, a lower immunogenicity than MSCs isolated from perinatal or postnatal origins [101] .
The final aim of the expansion of MSCs is to differentiate them to the lineage of choice, and it should be recalled that a microcarrier which is optimal for expansion of the MSCs is not necessarily optimal for a certain lineage-specific differentiation. Recently, a relationship between actin organization of the cells on microcarriers and the ability of MSCs to differentiate to chondrocytes was shown. It was established that microcarriers favouring round shape and disorganized actin, such as Cytopore 2, promote chondrogenesis while microcarriers favouring cell spreading and formation of stress fibres inhibit chondrogenesis [102] and promote osteogenesis. Furthermore, gelatin-and collagen-based carriers were found to be suitable for promoting osteogenesis independent of tissue origin and species [90, 103, 104] . For more details on the use of microcarriers and their impact on stem cell expansion and differentiation, the reader is referred to the very comprehensive review recently published by Sart et al. [96] .
(ii) Requirements for microcarrier expansion and differentiation of pluripotent stem cells
PSCs can also grow on microcarriers, but in contrast to MSCs they grow mainly as aggregates between cells and carriers or as pure aggregates. Despite the advances in the development of this specific technology, today there is not yet a clear view on which would be the most suitable microcarrier(s). Chen et al. [105] did a systematic study for establishing the impact of different carrier characteristics on propagation of PSCs: large spherical (e.g. Cytodex 1 and 3) and cylindrical carriers (e.g. DE-53) promoted higher growth due to a more open structure compared with small carriers (e.g. Tosoh 10 PR). The latter carriers lead to more compact aggregates whose degree of compactness increased with the decrease in the carrier size. Cell growth is probably reduced due to lack of nutrients caused by the compactness (diffusion limitation). Nonetheless, carriers have to be coated with ECM in order to allow cell attachment and propagation. For more details, the reader is referred to the review by Chen et al. [15] . Traditionally, PSCs are cultured using either inactivated feeder cells (mouse embryonic fibroblasts) or Matrigel (basement material prepared from mouse Engelbreth-HolmSwarm sarcoma, containing laminin-111, collagen IV, perlecan, nidogen, fibronectin, entactin and other factors) -coated cell culture support. Obviously, both coatings are of animal origin, variable in their composition and characteristics (undefined nature) and have to be replaced by more defined coatings ideally of synthetic origin.
In principle, microcarriers can also be seeded with feeder cells, such as irradiated mouse embryonic fibroblasts, and hESCs can be expanded as on culture plates seeded with feeder cells although at a reduced growth rate. The main drawback is that the microcarriers have to be seeded twice, initially with feeder cells at day 0 and then the next day with the hESCs to be expanded, which might be impractical at a larger scale [106] . What is interesting about this approach is the possibility to freeze directly expanded hESCs adherent to microcarriers because of improved thawing recovery.
Classically, Matrigel, but also vitronectin and laminin have been used with success as coatings for microcarrier cultures of hiPSCs. For instance, the use of vitronectin and laminin as coating for microcarriers was evaluated for the expansion of hESCs by Heng et al. [107] and cell expansion (over 20 passages) similar to that on planar culture surfaces coated with the same attachment factors was obtained. The coating of carriers with ECM proteins, in particular, with laminin, via a cationic charge (poly-L-lysine) in between the carrier and the ECM protein further improved cell attachment and spreading efficiency and allowed direct seeding in serum-free medium under agitation [108] .
However, the final aim is the use of either recombinant attachment factor-based coatings or better fully synthetic coatings. In this context, with respect to the expansion of hESCs in planar culture systems, different coatings based on the use of recombinant attachment factors, such as laminin 511, laminin 332 or laminin 111 (in order of efficiency of supporting adhesion and proliferation of hESCs) [109, 110] , or (semi-)synthetic, such as carboxylic acid-containing acrylate grafted with peptide sequences of vitronectin and sialoprotein via EDC/NHS conjugation-Synthemax (Corning) [111] , tissue culture plates grafted with high-affinity cyclic RGD peptide (GACRGDCLGA) via NHS-(PEG) 12 -maleimide [112] , or use of a synthetic polymer (poly[2-(methacryloyloxy)ethyl dimethyl-(3-sulfopropyl)ammonium hydroxide]) [113] have been evaluated. For all coatings, the cells could be subcultured for at least 10 passages, maintained their pluripotency and showed cell doubling times similar or shorter than those observed for the control cultures done on Matrigel coatings. Future design of synthetic microcarriers without ECM coating or using synthetic polymers as coatings is expected to provide a completely defined system for iPSC expansion in bioreactors. Further details can be found in the review by Villa-Diaz et al. [114] .
It should be added here that in view of a large-scale reactor use the choice of the carrier coating has a potential impact on the sensibility of the attached cells to shear stress (vide infra).
(b) Influence of mechanical stress on the fate of mesenchymal stem cells and pluripotent stem cells
Stem cells are not only impacted by soluble factors, including growth factors and cytokines, but also by physical and mechanical cues. In the case of MSCs, it was shown that a stiff culture surface (increased matrix stiffness (11-30 kPa)) together with an adapted biochemical matrix such as polyallylamine promotes spindle-like shape and osteogenic differentiation [115] , that a matrix with E ¼ 2.5-5 kPa leads predominantly to adipogenic differentiation, whereas soft matrices (E , 1 kPa) lead to neural differentiation [116] [117] [118] . A similar situation exists for PSCs. Zoldan et al. [119] demonstrated that hESCs grown on rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 370: 20140040 hard surfaces promoted mesodermal commitment, surfaces with intermediate elastic moduli endodermal and soft surfaces ectodermal differentiation. In addition, the self-renewal of hESCs was promoted by hard surfaces (greater than 6 MPa). More information on mechanical cues can be found in the electronic supplementary material, section SM4. The mechanosensitivity of stem cells as well as mechanical stimuli are of high practical interest for stem cell expansion for later in vivo use because the choice of the microcarriers or, in general, of the cell culture supports and thus their stiffness has a direct impact on the final stem cell fate.
(c) Shear stress in carrier/aggregate cultures As described at the beginning of this article any agitation in spinner bottles or stirred tank reactors leads to the generation of shear stress, which might have an impact on the cells attached to the carrier. For continuous cell lines, dependent on the shear stress level the impact is relatively limited leading to reduced growth, cell detachment and cell death with negative effects on production; however, in the case of stem cells, physical signals in the local cellular environment can strongly influence stem cell fate in addition to the commonly observed cell damage due to shear stress in bioreactors (see §3b(ii)) [120] .
In addition to growth on microcarriers, stem cells can grow as aggregates/clumps in suspension. They are influenced by shear stress as when cultured on microcarriers, thus a careful optimization of agitation is important to avoid negative impact on the cells.
(i) Hydrodynamic effects
Aggregates of mouse ESCs could be successfully expanded in spinner flasks at an agitation of 80 -100 r.p.m. corresponding to a maximum shear stress of 0.45 -0.61 N m
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, whereas extensive damage and no further proliferation were observed at a maximum shear stress of 0.78 N m 22 (approx. 120 r.p.m.) [121] . An optimization study using factorial experimental design established an agitation of 100 r.p.m. optimal for expanding hESCs as aggregates in spinner flasks (NDS Technologies) [122] . The maximum shear stress at this agitation rate was 0.845 N m 22 and thus somewhat higher than that established by Cormier et al. [122] . However, as for Cormier et al. [122] , an agitation rate of 120 r.p.m. (max. shear stress of 1.081 N m
) was too high and led to reduced cell growth/increased cell death. In this context, Wolfe & Ahsan [123] showed that shear stress in the range from 0.15 to 1.5 N m 22 was a potent inducer of mesodermal commitment of ESCs through the modulation of FLK1 membrane protein. These results infer that after a better insight into the effect of the interrelationship between shear stress and cell signalling on differentiation/cell fate of hiPSCs it will be possible to use mechanical cues that can be readily incorporated into scalable bioreactors to substitute for exogenously added reagents in the clinical production of cells [123] . For getting more insights, microfluidic systems have been implemented allowing very precise studies on the effects of shear fields/shear stress in conjunction with ECM and medium composition (study of the effects of cytokines, growth factors, etc.) on cell renewal and stem cell fate in view to the development of an optimal culture system for expansion and differentiation of stem cells [124] [125] [126] .
(ii) Maintenance of optimal aggregate size using hydrodynamics When using aggregate cultures, it is obvious that a critical parameter is the aggregate size (table 2) . It has an impact on the level of nutrients and metabolic waste products within the aggregates (in particular in the centre), with the possibility of nutrient limitations when the aggregate size exceeds a certain maximum. The first encountered limitation is related to the oxygen levels becoming limited in the centre of the aggregates. Bliem & Katinger [127] reported that for cell aggregates with a diameter below 300 mm there was no oxygen diffusion limitation and as oxygen is the nutrient factor in cell culture with the lowest bulk concentration there are no other limitations, such as of glucose or glutamine, to be expected. Sen et al. [128] and Wu et al. [129] confirmed that no hypoxic conditions were observed in the centre of aggregates with diameters of less than 300 mm, neither for neural stem cells [128] nor for hESC or mESCs (mESCs show a higher oxygen consumption than hESCs; spinner cultures, r.p.m. ¼ 60) [129] , whereas at larger aggregate diameters, hypoxia became apparent. In contrast to continuous cell lines used for the production of biologicals, the residual oxygen level is of much higher importance in the case of stem cells because the oxygen level has an impact on the stem cell fate; for example, in the case of hESCs lower pO 2 (e.g. at 3%) promotes differentiation into lineages including endothelial cells [130] and chondrocytes [131] comparable to in vivo processes as well as growth/expansion of iPSCs [70] . Moreover, lower oxygen tension is preferable for expansion of PSCs because the frequency of spontaneous differentiation and the occurrence of chromosomal aberrations are reduced [132, 133] . The maximal aggregate size might be limited due to transport limitations hindering the growth of aggregates. This was confirmed by Cameron et al. [72] , who observed a stabilization of the size of hESC aggregates at a diameter of 400-500 mm beyond 10 days of culture. In the context of mass transfer limitations and in particular of oxygen transfer limitations at high cell densities including cell aggregates and scaffolds, Martin & Vermette [134] have presented a theoretical evaluation of reactor optimization. Thus, it is important to maintain a certain predefined aggregate size and thus a stable environment for the cells of the aggregates for maintaining cell expansion and differentiation capacity. Culture systems with insufficient agitation, including the rotating wall perfused reactors (see electronic supplementary material, SM3) which are characterized by very low turbulence/shear stress levels, lead to the generation of aggregate diameters greater than 500 mm which, according to Bliem & Katinger [127] , are characterized by oxygen limitation resulting in low expansion rates and partial cell differentiation in spinner flasks [135] . This signifies that an agitation generating higher turbulence/shear stress levels is required in order to maintain a certain maximal aggregate size [33] . There is an inverse relationship between agitation speed and aggregate size. Based on the assumption that hydrodynamics within a suspension reactor can control aggregate diameter [33] the maximal aggregate size in a stirred-tank reactor can be calculate as follows:
where 1 is the power dissipation per unit mass or specific energy dissipation rate and n is the kinematic viscosity. The relationship with the Kolmogorov eddy length model is obvious (see §3b(ii)). Parameters C, a and b can be estimated rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 370: 20140040 from experiments (e.g. [32] ). This relationship was initially developed by Moreira et al. [33] for BHK-21 clump cultures and proven valid for aggregate cultures of neural stem cells [32] . The overall culture conditions, including agitation and medium, have a direct impact on the maximal aggregate size. In this context, Lam et al. [108] established that the optimal size of carrier-iPSC aggregates was about greater than or equal to 300 mm with greater than 50 aggregates per ml. In the case of pure stem cell aggregates (without carriers), different authors have optimized the conditions to achieve relatively homogeneous aggregate sizes. Whereas Olmer et al. [136] obtained aggregates ranging from 93 to 125 mm, not exceeding 200 mm, mainly based on the choice of the agitator design (axial eight-blade pitched impellers with a diameter of 40 mm, vessel diameter 70 mm, with blade angles differing at the centre and the edge of the impeller) and the agitation rate (60 r.p.m.), Abbasalizadeh et al. [69] used a Cellspin spinner flask with two pendula (i.e. very soft agitation) and influenced the aggregate size with the agitation rate (50 r.p.m.) and an increase in the medium viscosity (addition of 0.1% carboxymethylcellulose) to 40 cp. Thus, by precise control of the agitation rates and the addition of shear protectants the aggregate size could be controlled. Abbasalizadeh et al. [69] could maintain the aggregate size very homogeneously, ranging from 190 to 215 mm. This size range was also achieved by Hunt et al. [121] with an agitation of 100 r.p.m.
(iii) Protection against shear stress in stirred-tank reactors
Under serum-free conditions, when using Matrigel and laminin-111 coatings of microcarriers it was observed that different hESCs showed different sensitivities towards fluid shear stress. Whereas HES-2 cells could grow without significant differences on laminin-and Matrigel-coated DE-53 carriers in agitated spinner flasks, HES-3 cells exhibited a decrease in cell yield, viability and pluripotent markers on laminin-as compared to Matrigel-coated carriers [105] . The reason seems to be that the Matrigel coating offers shear protection arising from the gelatinous polymeric nature of the thick coating, which is not the case for the laminin coating. Cell detachment of HES-3 cells under agitation conditions was probably enhanced due to a lower cell contact area when compared with Matrigel [110] . Only two different coatings were evaluated in this study [105] and other potential coatings providing a more intense attachment and eventually a better cell protection from fluid shear stress should be evaluated in the future. In this context, it was shown that the combination of poly-L-lysine with a coating of ECM proteins (in particular of laminin) improved cell attachment and expansion under serum-free agitated conditions. Using such a modified coating, the hESC HES-3, which was particularly sensitive to shear effects [105] , could be expanded without losing pluripotency and maintaining differentiation potential [108] . Another complementary measure would be the use of smaller carriers (as was the case in the report by Lam et al. [108] ) because their use led to the generation of more compact aggregates, which might show a higher tolerance to shear stress in stirred-tank reactor cultures.
In principle, adverse fluid effects might be alleviated by the addition of 'protective' agents, including Pluronic F68, methylcellulose or dextran. However, Leung et al. [137] could not identify any protective agent, classically known to protect cell cultures from shear effects, being able to protect shearsensitive hESCs from loss of pluripotent markers or from decrease in cell growth. These results are in agreement with the observation that shear stress can impact stem cell fate probably due to indirect cellular signalling effects (see above). Further research will be necessary to identify the differences between shear-sensitive and shear-non-sensitive (or less sensitive) iPSCs in view to the establishment of robust cell culture expansion processes based on the use shear-non-sensitive iPSCs.
The addition of antifoam at 0.0125% necessary for alleviating foam formation and the stress due to aeration was shown to have no effect on mESC viability and EB formation [76] .
For the moment, the carrier coating has to be chosen depending on the cell line to be expanded as well as with respect to the culture system and the expected fluid stress. Although there is no general comprehensive view of the effects of shear on stem cells to be amplified under reactor conditions using microcarriers, the reader is referred to a recent review by Kinney et al. [77] covering the interdependence between stem cell aggregates, metabolism and phenotype in relation to hydrodynamic culture environments.
Large-scale retrieval of stem cells for clinical applications (a) Cell detachment
Cell detachment is a critical step for subculturing surface adherent cells. At a small scale, mechanical detachment methods are well established for different types of cells and are traditionally used for PSCs. However, for large-scale cell expansion these methods cannot be used. In principle, the efficiency of cell detachment depends on the cells to be detached, the microcarrier and carrier surface, and thus the interaction of the cells with the microcarrier and, of course, also the detachment agent. Traditionally, proteolytic enzymes, in particular, trypsine or its recombinant and/or animal-free substitutes, are used for the efficient generation of single cell suspensions. In addition to genomic instability seen to be readily generated in systems where enzymatic dissociation is used [138] , there are further disadvantages when using proteases for cell detachment. Goh et al. [90] showed that trypsin was the most efficient detachment agent with respect to speed and efficiency for detaching human fetal MSCs from Cytodex 3 carriers, followed by collagenase I and TrypLE Express with an overall viability of the detached cells of more than 95% for all agents. However, all of the cells detached with protease showed (osteogenic) differentiation efficiency significantly lower than that observed for the non-treated/non-harvested cells; the differentiation efficiencies were 26-56 mg Ca þþ -deposition/10 6 cells (i.e. indicator for osteogenic differentiation) and 71 + 4 mg Ca þþ -deposition/10 6 cells, respectively.
This indicates very clearly the negative impact of protease treatment for cell detachment on cell fate due to the degradation of ECM proteins, destruction of cytoskeletal structures and cell-to-cell contacts. Similar effects caused by proteolytic cell detachment, for instance, have been reported by Canavan et al. [139] for the detachment of bovine aortic endothelial cell monolayers. Specifically for hMSCs, Potapova et al. [140] reported a decrease of CD105 expression with time of exposure to trypsin over a range of 5-90 min. These results clearly indicate that the exposure to trypsin or any other rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 370: 20140040 proteolytic agent should be as short as possible. Based on this observation, Nienow et al. [141] evaluated a novel two-step protocol for trypsinization of hMSCs comprised of the addition of and incubation with trypsin-ETDA for 7 min at a fivefold increased agitation rate (30 ! 150 r.p.m., followed by 200 r.p.m. for the last 5 s) leading to an increase in the maximal specific energy dissipation rate (1) from approximately 9 Â 10 24 to 0.11 W kg
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. This equates to a reduction of the Kolmogorov length from about 180 mm (well above the eddy size at which damaging occurs, as suggested by Croughan et al. [31, 36] ) to 55 mm, which is well above the size critical for isolated cells, however sufficient to detach cells. The second step consisted of the inactivation of trypsin and the removal of the carriers via filtration. Nienow et al. [141] reported a recovery of more than 95% of the cells which maintained their specific characteristics.
With respect to the detachment of hiPSCs, there is only limited literature available. In principle, when aiming to get to a single cell suspension, trypsin or equivalent (recombinant) proteases, including Accutase, Accumax or TrypLE, are preferable because the protein bridges between the cells are also degraded. However, the generation of single cell suspension of hiPSCs is characterized by high cell loss due to dissociation-induced apoptosis after passaging as single cells, which could be solved by the use of Rho kinase inhibitors, such as Y-27632 or ROCKi [142] . Another way to circumvent this problem is dissociation into aggregates because it has been shown that microcarrier cultures of PSCs can also be seeded with cell aggregates/clumps and that single cell suspensions are not required [143] . The only issue of importance is the fact that the size of aggregates has to be uniform during the culture, which is achieved by agitation generating the required turbulences (see above).
Dissociation of cultures into aggregates can be achieved by using other proteases and agents, including collagenase IV, dispase or hypertonic Na-citrate solution. In this context, Nie et al. [106] showed that the use of hypertonic Na-citrate solution led to superior results with respect to viability and total viable cell number obtained over several passages when compared with detachment using collagenase, dispase or mechanical methods (order of decreasing efficiency). The cells detached using the hypertonic citrate solution kept their ability to express pluripotency markers and could differentiate to all three germ layers after 30 passages.
Thus, in general, the use of non-proteolytic cell detachment means (absence of proteases) has an undeniable positive effect on subcultivation and differentiation of stem cells. These few references show very clearly that any proteolytic cell detachment should be avoided in order to maintain the organization of the cellular cytoskeleton as well as the cell-to-cell interaction as much as possible and to reduce cell damage. For regenerative medicine purposes, protocols for non-proteolytic cell sheet detachments have been developed (e.g. [144] ), mainly based on the use of a temperature-responsive poly(N-isopropylacrylamide ( pNIPAAm) modified polystyrene surface allowing the detachment of cells by a reduction of temperature (below the lower critical solution temperature) leading to hydrophilic surface properties and cell detachment [145] . Since, no proteases are used, the cells detach as cell sheets because the intercellular proteinous bridges are preserved. In order to improve cell adhesion and proliferation such thermo-responsive surfaces can be functionalized, including grafting on heparine for binding bFGF [146] , the cell-binding domain RGDS [147] or the cyclic RGD peptide CRGDC [148] because of its high affinity binding to the avb3, avb5 or a5b1 integrins of cells, to mention just a few possibilities.
Only recently, microcarriers grafted with poly(N-isopropylacrylamide allowing the non-invasive harvesting of anchorage-dependent cells had been evaluated. That this principle can be implemented was shown by KendaRopson et al. [149] and Tamura et al. [150] for the detachment of CHO-K1 from modified microhex carriers ( pNIPAAmgrafted 2D-polystyrene carriers) and from chloro-methylated polystyrene beads ( pNIPAAm-grafted), respectively. Furthermore, Yang et al. [151] and Gü mü şdereliog lu et al. [152] showed the efficient detachment of human bone marrowderived MSCs from Cytodex 3 grafted with pNIPAAm and of mouse fibroblasts (L929) and human keratinocytes (HS2) from cross-linked poly(2-hydroxyethyl methacrylate) (PHEMA) beads grafted with pNIPAAm. In all cases, the reduction of the temperature from 378C to less than 308C led to cell detachment, though more in the form of cell clumps than isolated cells. Although this is a very promising development, few advances have been performed in this specific domain with respect to thermo-responsive microcarriers and further efforts are necessary in order to solve many still existing technological hurdles before large-scale implementation.
With respect to the use of such temperature-responsive culture supports for the expansion of iPSCs, it is highly probable that they can be used for this type of cells without any drawbacks, since their differentiation potential as well as genetic stability is not affected by temperature reduction and exposure to 258C and 48C for up to 2 days [153] . More details on the possibilities and use of thermo-responsive and, in general, of stimuli-responsive cell culture supports can be found in the review by Brun-Graeppi et al. [154] .
(b) Separation of non-differentiated cells and of carriers: problem of carrier breakage
Removal of undifferentiated cells is a particular concern in clinical applications of differentiated progenies derived from iPSCs because undifferentiated PSCs are teratogenic [78] . On a small scale, fluorescence activated cell sorting for the isolation of differentiated cells, such as cardiomyocytes [155] , neural [156] or endothelial cells [157] , can be used. A similar technique is immunomagnetic cell sorting [158] , allowing separation at a larger scale. The selective removal of undifferentiated cells using cytotoxic antibodies, such as the cytotoxic mAb 84 [159] , is also of high interest and can be coupled to immunomagnetic cell sorting [158] reducing further the risk of teratoma formation. In certain cases, such as the separation of PSC-derived cardiomyocytes from noncardiomyocytes and undifferentiated cells, the separation is enabled by distinct metabolic flow. Tohyama et al. [160] reported that in a glucose-depleted and lactate-enriched medium only cardiomyocytes survived and that no tumours were formed after transplantation. More extended information can be found in recent reviews by Chen et al. [15] , Abbasalizadeh & Bahavand [161] and Diogo et al. [162] . Nevertheless, it has to be mentioned that to date no systematic studies on harvesting PSCs and separation their differentiated progenies have been performed. Another important issue should be touched here very briefly: Gupta et al. [163] found that 'excessive' stirring of microcarrier (Cytodex 3) cultures (r.p.m. . 25) in Bellco spinner flasks can lead to bead breakage. This is a known problem for soft carriers like Cytodex 1 or 3, but is also of concern when the expanded and differentiated cells are used in vivo, because these preparations have to be free of any residual microcarrier or sub-particles derived from these carriers. Sieving is a principle way to get rid of entire carriers; however, breakage products are removed with difficulty or not at all. There are two main potential solutions to this problem: either using rigid carriers which are resistant to breakage, like beads made from polystyrene or glass, or using soft carriers which can be dissolved using proteases, such as gelatin-or collagen-based carriers. However, it should be recalled that the choice is critical because the rigidity/stiffness of the support may have an influence on the stem cell fate (see above). On the other hand, it is evident that aggregate cultures without using carriers as an initial support would also present a solution for this specific problem.
7. 'Large-scale' expansion of stem cells using microcarrier cultures
'Large-scale' manufacturing of stem cells has mainly been done using classical two-dimensional planar cell culture devices, such as CellFactory, Xpansion or HYPERStack, allowing a linear scale-up. However, as mentioned earlier, the real volumetric scale-up happens via an increase in the culture volume, going up to 1000 l per vessel and beyond. Nevertheless, the implementation of stirred-tank bioreactor systems for the expansion/large-scale expansion of stem cells is still in its infancy. Effectively no large scale and only small laboratory scale reactor cultures have been performed up to now. Concerning MSCs, the largest reactor scale ever used was a 5 l scale with a working volume of 2.5 l using non-porous P-102L plastic carriers [164] . The fold cell number increase was more than sixfold over 12 days of culture, which was equivalent to cell expansion in tissue culture flasks (i.e. 65Â T-175 flasks) and can be explained by the improved control of the culture conditions ( pH, pO 2 ). This is also the reason why bioreactor cultures outperformed the cultures done in spinner flasks. Cell harvesting was performed via trypsinization, increased agitator speed in a separate vessel (reduced volume) followed by sieving through a Steriflip 60 mm filtration unit, comparable to passaging cells at a large scale [45] . The use of this optimized detachment protocol [141] allowed a cell recovery of almost 100%. Very importantly, the cells after expansion in the bioreactor and harvesting showed the same phenotype and differentiation capability as before expansion.
The use of bioreactors for the expansion of hESCs was performed at a much smaller scale (0.5 l stirred-tank reactor, working volume 300 ml, use of Matrigel-coated Cytodex 3 carriers in a perfusion culture) [165] . Aggregates were formed between the carriers and the hESCs. Since the culture conditions were controlled, a considerably improved cell expansion was obtained in comparison to the planar twodimensional cultures or carrier-based three-dimensional cultures performed in spinner flasks: 15-fold for the reactor cultures and sixfold in the spinner flasks (culture duration: 10-12 days). The expanded cells retained their pluripotency and differentiation capabilities. The protocol could be used for the expansion of other PSCs. When employing aggregate cultures, stirred bioreactor cultures (50-200 ml) allowed an eightfold increase for each passage. Thus within 30 days, an overall amplification of 128-to 192-fold is possible providing at the end of the expansion about 2 Â 10 9 cells [69] . The use of environment-controlled bioreactors will probably allow a better cell expansion efficiency approaching that communicated by Serra et al. [165] .
Although no large-scale cell expansion has been performed for MSCs or PSCs up to now, the reactor results clearly show the potential of reactor amplification of stem cells. However, before implementation for large-scale cell expansion, culture parameters including physico-chemical parameters, growth medium, differentiation media, etc., have to be systematically studied and optimized using either step-wise approaches [69] or preferentially, factorial experimental designs for also modelling the interactions between different parameters, for instance as done by Hunt et al. [121] . The use of microfluidic devices will be of considerable help to deepen and accelerate the optimization of the cell expansion process at large scale [124] [125] [126] . In addition, it is very important to keep in mind that stem cells are not identical and that each stem cell has its proper characteristics and needs, signifying that a very flexible platform process has to be set up which can easily be adapted to the specific needs of the stem cell to be expanded.
Conclusion and outlook
Surface adherent cells can be used and expanded for different purposes. Interest in the large-scale amplification of these cells started with the development of manufacturing processes for viral vaccines for which reactor scales of several thousand litres have been established using microcarrier processes. In the case that novel suspension cells are not used for virus vaccine production purposes, the originally developed, established and largely validated process technologies using Vero and MDCK cells can be used for the development of novel viral vaccines, signifying that there is only limited novel development necessary for the setting up of new viral vaccine production processes.
The situation for the expansion of different types of stem cells is rather different. This is a very new domain and the requirements for the expansion of stem cells are rather different from those of continuous cell lines traditionally used for virus vaccine production. Dependent on the stem cell type and their specific needs, expansion processes are under development, ideally using adapted microcarriers or carrier-cell clump-based protocols to preserve the cells' pluripotency and differentiation potential. They can be impacted by the culture environment, including fluid shear stress, culture (reactor) conditions, microcarrier surface coating and means of cell detachment, these already studied many years ago in the context of the production of cell biomass for virus vaccine production purposes. Despite the fact that different stem cells behave differentially, in particular with respect to the impact of the culture environment, recent optimization studies show the overall direction of development with large-scale reactor cultures at the end. The presently evaluated reactor scales of 5 and 0.5 l (working rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 370: 20140040 volumes: 2.5 l [164] and 0.3 l [165] , respectively) for the amplification of MSCs and PSCs, respectively, using microcarriers or clump cultures are the first steps along the way to the large-scale expansion of stem cells which will see the light within the years to come.
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